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Introduction
Research into the chemistry of supramolecular coordination
polymers has rapidly grown in recent years due to an
increased demand for functional materials with tunable
conductive, magnetic, non-linear optical or zeolitic
properties (1,2). This focus on coordination polymers stems
from the fact that the generation of many such properties is
enhanced by, or depends on, the synthesis of high-
dimensionality materials. The self-assembly of simple
molecular building blocks containing organic ligands and
inorganic metal ions using a combination of metal-ligand
coordinate bonding, hydrogen-bonding or - interactions is
a common route to generating high dimensionality organic-
inorganic hybrid materials (1,3). The characteristics of the
inorganic and organic moieties, such as available
coordination sites, coordination geometry preference, ligand
flexibility, and presence or absence of hydrogen-bonding or
- stacking groups, ideally control the extended structure,
thereby creating enormous potential for complexity and
functionality of these modular materials (1,3).
To reiterate, one of the key requirements for generating
functional materials by self-assembly is the ability to rationally
increase structural dimensionality. The addition of hydrogen-
bonding groups into the organic portion of the material to
induce intermolecular interactions is a widespread technique
for achieving this goal (4). As readers of Gold Bulletin are
aware (5), gold has special chemical properties, one of which
is the propensity of d10 gold(I) ions to be attracted to each
other; this effect has been termed “aurophilic interactions”
(6). These attractive aurophilic interactions have an order-of-
magnitude strength similar to hydrogen-bonding (6), and
many homometallic gold(I) polymers generated by aurophilic
interactions alone, or in conjunction with hydrogen-bonding
organic moieties, have been reported (5-7). However, the
concept that aurophilic interactions could be used (like
hydrogen-bonding) as a tool to increase dimensionality in
systems containing other metals in addition to gold(I) had
not been seriously considered and we turned our attention to
this design question (8). 
The building block dicyanoaurate, d10 [Au(CN)2]-, is an ideal
unit with which to explore the use of aurophilicity as a
supramolecular design element in the synthesis of such
heterometallic coordination polymers. In general,
cyanometallate building blocks, [M(CN)x]
n- have been
extensively utilized to form multidimensional networks (9)
because both the carbon and the nitrogen ends of the
cyanide ion act as Lewis bases that can coordinate two
different metal cations acting as the corresponding Lewis
acids (i.e. M-CN-M’, Scheme 1). Accordingly, cyanometallates
readily form coordination polymers when reacted with
transition-metal cations and can promote strong magnetic
exchange. Also, the CN vibrational stretch in the IR is a very
sensitive, diagnostic probe (10). However, most studies have
focused on octahedral [M(CN)6]
n- and, to a lesser extent,
square-planar [M(CN)4]
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This report illustrates the concept that aurophilic
interactions of gold-containing building blocks,
particularly cyanoaurates, could be used as a tool to
increase structural dimensionality in systems
containing other metals in addition to gold(I). Such
high-dimensionality systems may have useful optical,
magnetic, conducting or porous materials properties.
Recent successes from our group and others in using
the neglected, luminescent [Au(CN)2]
- building block to
synthesize supramolecular coordination polymers with
interesting and potentially commercially applicable
physical properties will be surveyed. In most
heterometallic [Au(CN)2]-based polymers, aurophilic
interactions increase the structural dimensionality of
the system and can impart increased thermal stability.
The gold(I) ion can mediate significant magnetic
interactions between transition-metal centres or
influence iron(II) spin-transition behaviour in the
polymers. The Cu[Au(CN)2]2(solvent)x polymer system is
dynamically vapochromic, i.e., it shows large, reversible
colour changes upon exposure to solvent vapours,
thereby illustrating a sensor-type application. The
related d8, square-planer [Au(CN)4]
- building block,
which has only recently been incorporated into
coordination polymers, does not form any aurophilic
interactions; weak Au-N(cyano) interactions control the
intermolecular packing. Several structural examples of
cyanoaurate-based coordination polymers are
presented, including 2-D and 3-D arrays. The
incorporation of cyanoaurates as components of
advanced materials would provide a new utility and
market for these key compounds of the gold mining
and refining industry.
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linear [Au(CN)2]- cyanometallate anion (a key material in gold
extraction (11)) had never been used as a building block in
supramolecular coordination chemistry despite its special
ability among cyanometallates to form aurophilic
interactions. In addition, [Au(CN)2]- salts are known to have
luminescent properties (12-13) and in principle, coordination
polymers assembled using cyanoaurate building blocks may
retain this useful material property.
These principles can all be illustrated by examining the
simple salt AuCN. Despite the straightforward chemical
formula, in the solid state AuCN forms a complex 3-D
polymer (Figure 1), with chains of -Au-CN-Au-CN- atoms (in
which the cyanide is acting as both a C- and an N-donor to
two gold(I) centres) connected by Au-Au interactions of
3.396 (2) Å (14). The structure could also be viewed as 2-D
sheets of hexagonally arranged gold(I) atoms that are
connected by cyanide ligands. The strong aurophilic
interactions are preserved in a series of related chain- or
sheet-polymeric (alkyl isocyanide)AuCN complexes (15) and
chain-polymeric (trimethylphosphine)AuCN (16), which have
structures reminiscent of portions of the parent AuCN. These
AuCN-based complexes all show significant luminescence in
the solid-state, as would be expected from the presence of
aurophilic interactions. Interestingly, salts of [Au(CN)2]- with
organic cations show aurophilic interactions and
concomitant luminescence only when the cations have
hydrogen-bonding moieties incorporated (13,17). The
structures of the “simple” alkali-metal salts M[Au(CN)2] (M =
Na, K, Rb, Cs) also have similarities with the AuCN structure:
layers of [Au(CN)2] anions separated by and ligated to layers
of alkali-cations, with the cyanoaurate units showing varying
degrees of aurophilicity within the gold-containing plane
(18). These features of AuCN-based structural chemistry
highlight the underlying interest in exploring cyanoaurates as
building blocks in heterometallic polymers.
Thus, with the above concepts in mind, we set out to
explore the question of whether [Au(CN)2]-based
coordination polymers could be prepared and whether their
structural dimensionality would be increased by aurophilic
interactions (Scheme 1) (8,19,20). What unusual structural
motifs could be generated using these gold-containing
units? What unique physical properties could be built into
the resulting cyanoaurate-based polymers and what
applications could be envisaged? As a comparison, we have
also been exploring the use of the electronically and
structurally related linear, anionic d10 [Ag(CN)2]- (21) and
linear, neutral d10 Hg(CN)2 (22) as building blocks for
heterometallic coordination polymers. These investigations
clearly illustrate that gold truly is special: the mode of
reactivity and the structures and stability of the polymers
that form with cyanoaurate differ significantly compared to
the silver and mercury units. As a further comparison with
the d10 [Au(CN)2]- building block, we have also investigated
the use of square-planar d8 [Au(CN)4]--containing
coordination polymers (23). This article outlines some
progress in this new area of gold-research, and attempts to
address the above questions.
Dicyanoaurate [Au(CN)2]- as a building
block: Structural and magnetic properties 
One example of the use of dicyanoaurate to self-assemble
high-dimensionality coordination polymers is the reaction of
a divalent transition metal salt MX2 (X = ClO4, NO3 etc.),
pyrazine and KAu(CN)2 to give M(pyrazine)[Au(CN)2]2
complexes (M = Cu, Ni, Co, Mn) (19). The copper(II) analogue
was structurally characterized (Figure 2, left) as a 3-D system
with chains of Cu(II)-pyrazine moieties in the a direction,
connected by [Au(CN)2] bridges. Alternatively, the structure
could be considered to be constructed of Cu[Au(CN)2]2
planes that are connected by pyrazine bridges. The 3-D
network is not porous, despite the appearance to the
contrary, as a second identical network interpenetrates the
first to fill the space (Figure 2, right). The two networks are
connected via weak aurophilic interactions of 3.4729(2) Å,
which is less than 3.6 Å, the sum of the van der Waals radii
of two gold atoms and the accepted limit for such
interactions (6). The thermal decomposition temperatures
of these polymers, as determined by thermogravimetric
analysis, are unusually high: up to 406°C for the Ni-
analogue. This high thermal stability can be attributed to the
Au-Au interactions that reinforce the polymer
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Figure 1
Solid-state structure of AuCN
Scheme 1 




superstructure. Thus, although in this initial case the
introduction of aurophilic interactions did not increase the
structural dimensionality, the physical properties were
positively influenced.
The goal of using aurophilic interactions as a tool to increase
dimensionality was achieved from the reaction 
of Cu(ClO4)2•6H2O, tmeda (N,N,N’,N’-tetramethy
lethylenediamine) and KAu(CN)2 in water, yielding
(tmeda)Cu[Au(CN)2]2 (8). By virtue of metal-ligand coordinate
bonds, this system is a 1-D chain (Fig. 3a), containing both
copper(II)-bridging and -pendant [Au(CN)2] units. However,
each gold centre also forms Au-Au interactions thereby
increasing the structural dimensionality. Thus, the Au(2) and
Au(3) atoms in the backbone of the 1-D chain form interchain
Au-Au interactions of 3.5378(8) Å to yield a 2-D array of
alternating 1-D zig-zag chains in the ab plane (Figure 3b). The
pendant Au(1) atoms also form Au(1)-Au(1) interactions of
3.345(1) Å to adjacent chains in the bc plane (Figure 3c),
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Figure 2
Extended 3-D structure of one network of Cu(pyrazine)[Au(CN)2]2 (left) and interpenetrating networks supported by Au-Au interactions (right)
Figure 3
Starting with the 1-D chain structure of (tmeda)Cu[Au(CN)2]2,
considering (a) solely the metal-ligand coordinate bonds, (b,c) the
additional consideration of the gold-gold interactions in each plane
yields the true 3-D structure (d), as viewed down the a-axis
Figure 4
Ferromagnetic (above 25 K) behaviour of (tmeda)Cu[Au(CN)2]2
0.36























yielding a ladder-rung type motif running parallel to the 1-D
chains. Taken together, the complete 3-D picture of the
structure is shown in Figure 3d. The Au-Au interactions have
increased the structural dimensionality from one to three.
Several other heterometallic cyanoaurate polymers where Au-
Au interactions play an important role can be found in the
literature (24-27).
The structures shown in Figures 2 and 3 illustrate a noteworthy
feature present in many [Au(CN)2]-containing polymers: adjacent
cyanoaurate anions can form aurophilic interactions with the
relative orientation of the two NCAuCN units ranging from
completely eclipsed (a 0° dihedral angle) to completely
staggered (90°). Thus, in (tmeda)Cu[Au(CN)2]2, the Au(2) and
Au(3)-containing cyanoaurate units are nearly staggered (81.8°
dihedral angle, Fig. 3b) while the ladder-rung motif units are
nearly eclipsed (2.5° dihedral angle, Fig. 3c). In
M(pyrazine)[Au(CN)2]2, the interpenetrated networks of
cyanoaurate anions (Fig. 2, right) are 36.1° twisted relative to
each other. Detailed discussions of this structural feature in a
variety of cyanoaurate(I) systems have been published (17,20). In
addition, a theoretical analysis of the energetically preferred
orientation of two cyanoaurate ions as a function of Au-Au
distance showed that, with the presence of aurophilic
interactions, the fully staggered 90° arrangement is energetically
stabilized relative to the eclipsed conformation (28).
The polymer (tmeda)Cu[Au(CN)2]2 also has an unusual
physical property: ferromagnetic coupling of the copper(II)
spins. As shown in Figure 4, the magnetic moment (MT)
increases as the temperature is lowered to 25 K, indicative of
ferromagnetic interactions; these are propagated by the
diamagnetic [Au(CN)2] bridges. To our knowledge, this is the
first example of a gold(I) atom mediating any magnetic
interactions. Ferromagnetic interactions in particular are of
interest in the design of molecule-based magnetic materials (2).
Another important magnetic property that is being
targeted by coordination polymer materials is spin-
transition. Such materials, usually containing iron(II) metal
centres, have the ability to switch their magnetic state
between high- and low-spin as a function of temperature,
pressure or light excitation, and have potential applications
as sensors or memory-storage devices (26). A series of
[Au(CN)2]-based coordination polymers containing iron(II)
centres has been reported and they show interesting spin-
transition behaviour. In addition to the cyanoaurate acting
as a bridging building block, in some of these systems,
aurophilic interactions serve to hold multiple networks
together, and also influence the magnetic spin-transition
properties (27).
Recently, an [Au(CN)2]-containing cobalt(II) complex that
also incorporates the stable organic radical pyridylnitronyl
nitroxide has been reported; this material polymerizes via
both Au-Au and hydrogen bonding interactions, but the
magnetic properties do not appear to be influenced by the
gold(I) centre (29). Materials that contain both gold centres
and a stable organic radical are rare (30).
Vapochromic Gold(I)-containing
Coordination Polymers  
Vapochromic materials, which display optical absorption or
luminescence changes upon exposure to vapours of volatile
organic compounds (VOCs), have been a focus of attention
due to their potential applications as chemical sensors.
Several vapochromic compounds based on Au(I)-
coordination polymers have been recently reported (31-34).
In the linear {Tl[Au(C6Cl5)2]}n polymer, weak interactions
between the Tl atoms and the adsorbed VOC molecules
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Figure 5 
Structural depiction of the blue polymorph of Cu(DMSO)2 [Au(CN)2]2, top view on left and side-view on right. DMSO molecules simplified (left) or
removed (right) for clarity. Note the gold-gold bonding between the corrugated sheets
modify both the colour and the emission spectra (32).
Another example is the trinuclear Au(I) complex with
carbeniate bridging ligands, for which its luminescence is
quenched in the solid-state when C6F6 vapour is adsorbed
due to the disruption of Au-Au interactions (33). Also,
[Au(PPh2C(CSSAuC6F5)PPh2Me)2][ClO4] has been used in the
development of an optical fibre volatile organic compound
sensor (34).
In this context, we have prepared a series of [Au(CN)2]-
based coordination polymers that show reversible
vapochromic behaviour (35). The structures described above
utilized a chelating amine to selectively block two or more
sites of reactivity at the transition-metal. Removal of these
ancillary ligands allows for solvent-sensitive products to form.
Thus, reaction of a copper(II) salt with KAu(CN)2
in dimethylsulfoxide (DMSO) solvent yields
Cu(DMSO)2[Au(CN)2]2, where the DMSO solvent has been
incorporated into the structure. In fact, there are two
polymorphs (same molecular units, but different
supramolecular arrangement of the building blocks) of this
system, one of which is green and the other of which is blue.
The X-ray crystal structure of the blue polymorph, for
example, reveals that the copper(II) centre adopts a distorted
octahedral geometry, where the two DMSO molecules are
bound in a cis fashion. The four remaining sites around the
copper(II) centre are occupied by cyano-nitrogen atoms of
bridging [Au(CN)2] units, thereby generating 2-D sheets
(Figure 5, left). The corrugated sheets stack (Figure 5, right)
to form a 3-D network that is held together via weak Au-Au
interactions of 3.426(4) Å.
When exposing the Cu(DMSO)2[Au(CN)2]2 material to
vapours of other volatile solvents, significant colour
changes result (i.e. the system is vapochromic), indicating
that replacement of DMSO for the solvent vapours has
occurred. Each Cu[Au(CN)2]2(solvent)x complex can be
distinguished easily by its colour (Figure 6). In addition, the
CN region of the IR spectrum for each solvent complex is a
characteristic, sensitive signature for that solvent.
Importantly, this solvent exchange is completely reversible,
thus permitting dynamic solvent sensing; a variety of
solvents, including water, acetonitrile, dimethylformamide
and dioxane can all be reversibly detected both via visible
colour changes and the changes in the IR-spectrum. Very
strong donor solvents such as pyridine or ammonia, which
bind strongly to the copper(II) centre and are not easily
displaced by other solvents, require a thermal treatment to
regenerate the vapochromic behaviour. In general, this is 
a successful illustration of a cyanogold-based sensor 
for volatile organic compounds (35). We have also 
prepared the related M[Au(CN)2]2 systems (M = 1st row
transition metal) and are exploring their potential 
materials applications.
These gold-containing vapochromic sensor materials
have a variety of potential applications. For example, the
material could form the basis of personal badge or
stationary threshold monitors in chemical laboratories (e.g.
pharmaceutical research laboratories, paint and coatings
or cosmetics manufacturing) or storage facilities for
hazardous vapour detection or regulated emission
requirements. Similarly, an environmental sensor for
volatile organic compounds or gases (“electronic noses”)
for use at environmental remediation sites, landfills, air-
quality monitoring etc. could potentially be developed
with the gold-based vapochromic material at the heart of
the device. 
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Figure 6 
Colour changes with donor-solvent vapour on the solid
Cu(DMSO)2[Au(CN)2]2
Figure 7
2-D structures of Cu(en)2[Au(CN)2]2 (left) and Cu(en)2[Au(CN)4]2 (right)
Tetracyanoaurate(III) as a building block 
Prior to our recent studies, there were no reported
coordination polymers of the d8 cyanometallate [Au(CN)4]-
and only the simple HAu(CN)4•2H2O (36) and KAu(CN)4(H2O)
(37) salts had been structurally characterized. As a
comparison with d10 [Au(CN)2]-, which forms aurophilic
interactions, and d8 [Pt(CN)4]
2-, which forms Pt-Pt stacks (38),
we prepared a series of [Au(CN)4]-containing coordination
polymers (23), using the same transition-metal amine cations
as for the dicyanoaurate studies, and new structural motifs
were identified. Since some 1-D Pt-Pt chains show strong
conductivity, luminescence and electronic delocalization, it is
important to determine if such properties can be accessed
with isoelectronic Au(III).
To summarize the findings, d8 [Au(CN)4]- is a weaker ligand
than the Au(I) or Pt(II) counterparts but still yields polymers
via M-NC coordinate bonds and also by an interaction
observed for the first time: weak Au--N(cyano) intermolecular
contacts in the axial position of [Au(CN)4]-. No aurophilic
interactions are observed at all - in the systems prepared to
date, no Au(III)-stacking analogous to the Pt(II) stacking
occurred. These generalizations are exemplified by the
Cu(en)2[Au(CN)x]2 system (en = ethylenediamine), which was
prepared with both Au(I) (x=2) and Au(III) (x=4) building
blocks. The [Au(CN)2]-based system (Fig. 7, left) forms a 1-D
chain by virtue of M-NC coordinate bonding in the axial
position of copper(II) and these chains are connected into a
2-D array by strong Au(1)-Au(2) bonding of 3.1405(2) Å (20).
By comparison, the [Au(CN)4]-based system is molecular
unless the weak Au(1’)-N(12,cyano) interactions of 3.035(8) Å
are included, thereby yielding a 2-D array (Fig. 7, right) (23). 
In another example, [Cu(bipy)(H2O)2(Au(CN)4)0.5][Au(CN)4]1.5
forms a 1D “criss-crossed” chain where one [Au(CN)4]- bridges
four [Cu(bipy)(H2O)2]
2+ centres (Figure 8); the other [Au(CN)4]-
units aggregate into trimeric anionic clusters via Au...NC
interactions (23). Replacing the cyanoaurate(III) unit with
[Pt(CN)4]
2- in the synthesis gives rise to a completely different
structure. When [Pt(CN)4]
2- reacts with [Cu(bipy)]2+ in water,
discrete molecular squares of [Cu(bipy)(H2O)(Pt(CN)4)]2 . 2H2O
are obtained (39). However, if the reaction is performed in
methanol, a 2-D layered structure, [Cu(bipy)(Pt(CN)4)], is
obtained (40). On a similar note, in the reaction of
{[Ni(dien)(H2O)]2(μ-oxalate)}
2+ with KAu(CN)4, the only other
reported coordination polymer with tetracyanoaurate is
formed, in which a chain of Ni(II)-dimers is connected by an
interesting combination of Ni-NCAu coordinate bonding and
intermolecular amino N-H...NCAu hydrogen bonding (41). The
analogous reaction with [M(CN)4]
2- (M=Ni,Pd,Pt) gives
trimetallic Ni2M species in which the cyanometallate bridges
the two nickel centres of the dimer in an intramolecular
fashion; no polymer is formed (41).
Related to this search for d8-d8 Au(III)-Au(III) stacking
interactions, a d8-d10 Pt(II)-Au(I) chain was recently prepared,
using [Pt(NH3)4]
2+ cations and [Au(CN)2]- anions (25). The
structure is a 2-D array formed primarily by metal-metal
bonds, with Pt(II)-Au(I) bonds of 3.2794(4) Å in one direction
and Au(I)-Au(I) bonds ranging from 3.1902(5) to 3.3312(5) Å
in two dimensions (see Figure 9). This gold/platinum
coordination polymer is luminescent at 443 nm when
cooled.
Conclusions and Future Prospects
It has become clear that d10 [Au(CN)2]- and, to a lesser
extent, d8 [Au(CN)4]- are viable building blocks to form
heterometallic coordination polymers. Both systems can
be used to increase structural dimensionality, using gold-
gold and gold-N(cyano) interactions respectively, beyond
the metal-ligand coordinate bond framework. Physical
properties such as thermal stability, magnetic coupling
and spin-transition behaviour can also be influenced.
More research should yield information on how to predict
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Figure 8
1-D chain structure of the cation of [Cu(bipy)(H2O)2(Au(CN)4)0.5][Au(CN)4]1.5
Figure 9
2-D array of [Pt(NH3)4][Au(CN)2]2 assembled via Pt(II)-Au(I) and Au(I)-
Au(I) interactions
and control the nature of the structures produced, given
a specific metal/ligand combination. The discovery of
reversible vapochromic behaviour in a series of [Au(CN)2]-
based polymers is a strong indication that potentially
commercial properties can be accessed. Thus, the
luminescence of [Au(CN)2]-, the potential conductivity of
[Au(CN)4]- stacks (as yet unobserved), zeolitic, and non-
linear optical properties of gold-containing heterometallic
coordination polymers all provide impetus for further
exploration of possible applications of these systems. The
incorporation of cyanoaurates as components of
advanced materials would provide a new utility and
market for these key compounds of the gold mining and
refining industry.
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